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ABSTRACT

The investigation reported is divided into two main phases. Phase

I is a study to determine the effects and importance of penetration and lift

growth on vehicle responses. The objective of this phase is to make wind-

induced response comparisons for the Saturn V when the effects of (i) fins

and engine shrouds and (2) third and fourth bending are incorporated into

the analysis. Phase II of the investigation is a study to determine the

relative merits of two types of control systems on load alleviation when

gust penetration effects are considered. The two methods of control con-

sidered are: (i) angle of attack and (2) attitude control. The bending

moment responses are the main basis of comparison in phase II. The

Sinusoidal Gust and Imbedded Gust Criterias are used as the wind environ-

ments in phases I and II, respectively.

The inclusion of third and fourth bending and the effects of fins

and engine shrouds into the analysis produced significant differences (in

an engineering sense) between responses computed with and without penetra-

tion effects. This is opposite from the results obtained in an earlier

study wherein penetration effects were found to be insignificant when third

and fourth bending and empennage effects were neglected.

Smaller maximum bending moment responses result from an attitude

control system than from an angle of attack control system.
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NOTATION

a
o

aI

b
o

D
o

F

gBm

gg

gSl

gs2

II

Icg

)

L

Mi( )

Hs( )

= gain value of attitude control channel

= gain value of control damping

= gain value of flow direction channel

= base diameter of vehicle

= thrust

= structural damping coefficient of mth bending mode

= longitudinal vehicle acceleration

= damping coefficient associated with first sloshing mode

= damping coefficient associated with second sloshing mode

= instantaneous immersion

= mass moment of inertia of vehicle about its c.g.

= Heaviside step function

= length of vehicle

= aerodynamic moment growth function due to a unit impulse wind

= aerodynamic moment growth function due to a unit step wind

%M(Xk,T ) = mode displacement bending moment expression (see III-3A)

%R(Xk,T)q = reduced bending moment expression (see III-28)

MBT(Xk, T ) = total bending moment expression (see III-IA)

M =Mach number

m

ms1

= total mass of vehicle

= sloshing mass associated with first sloshing mode

viii



= sloshing massassociated with second sloshing mode

= aerodynamic normal force growth function due to a unit impulse
wind

= aerodynamicnormal force growth function due to a unit step
wind

PP

BTLG

Q

Qgm (m) i

S

q

R

T
m

t

= pure penetration

= penetration with lift growth

= aerodynamic bending moment growth function associated with the

m th bending mode and due to a unit impulse wind

= aerodynamic bending moment growth function associated with the

mth bending mode and due to a unit step wind

i pU 2= -- _ dynamic pressure
2

= radius of vehicle

= missile cross-sectional area

= generalized mass associated with mth bending mode

= time

U

Vy(X,t)

x
g

xk

x E

xSl

Xs2

= vehicle free stream velocity

= horizontal wind velocity

= coordinate of vehicle c.g.

= vehicle station location

= coordinate of gimbal point

= coordinate of sloshing mass associated with first sloshing mode

= coordinate of sloshing mass associated with second sloshing

mode

x T = coordinate of top of vehicle

ix



Ym (normalized to one at the

YO

= m th bending mode deflection curve

gimbal point)

= lateral translation of rigid mode

Aerodynamic Integrals

Ym(X)[_(x)_'(x)q(x)+ X2(x)q(x)]_ (m_i = i_2_3_)

=_ 2f'T'/2
Bm_ -U_T,I2

=r' T,I2

T,I2-- -T,I2

_/r'T,I2
_m :J- L/2

f, _,I2
%

( T,/2

:(_,I2

( LI2
Om

ym(_)[X(x)X,(x)Yi(x)+ x2(x)y_.(x)]_x

_2(X)Ym(X)q(x)ax

x(x)x'(X)Ym(X)_

(x)_'(x)(x-xg)Ym(X)_

I X "[_(x)x(x)zm + x2()Y_(x)]_

[2_(x)x'(x)Y_(x)+ x2(x)Y_(x)](x-_g)_

x(x)x'(x)(x-xg)k_

X2(X)Zm(X)_

(m_i = I_2_3,A)

(m_i = I_2_3,A)

(m = I_2,3_A)

(m = 1,2,3,A)

(m = 1,2,3,A)

(m = 1,2,3_A)

(k = 0_i_2)

(m = 1,2,5,_)

X



a-_- x2(x)(X-Xg)Ym(X)_
- -L/2

:/,;,12
m =J-L/2 }"2(X)Ym(X)dx

"F L/2
_m=J-LI2 X2(_)(_-Xg)Y_(x>_

f s/2Jk - X2(x)(X-Xg)x_
- -L/2

(m = 1,2,5,_)

(m = 1,2,5,&)

(m = 1,2_3_)

(k = 0_i_2)

Greek Symbols

_i = indicated angle of attack

_L = local angle of attack

_C = control deflection

BE = actual swivel engine deflection (= BC )

_m = amplitude of the mth bending mode at gimbal point

_) =
D

o

p = air density

T = time

_i = amplitude of first sloshing mass relative to tank wall

_2 = amplitude of second sloshing mass relative to tank wall

= pitch angle

_i = indicated attitude angle

_Bm = natural frequency of mth bending mode

_SI = natural frequency of first sloshing mode

xi



w = natural frequency of second sloshing mode
$2

Subscripts

i_m,n = integers

(') = denotes differentiation with respect to x

(') = denotes differentiation with respect to time

xii



SU_RY

The investigation reported herein is divided into two main phases.

Phase I is a study to determine the effects and importance of penetration

and lift growth on vehicle responses. The objective of this phase is to make

response comparisons when the effects of (i) fins and engine shrouds and

(2) third and fourth bending are incorporated into the analysis. Phase II

of the investigation is a study to determine the relative merits of two

types of control systems on load alleviation when gust penetration effects

are considered. The two methods of control considered are: (i) angle of

attack and (2) attitude control. The bending moment responses at three

vehicle station locations are the main basis of comparison in phase II.

The wind-induced responses of a Saturn V configuration with fins

and engine shrouds are computed and compared in both phases for the peak

dynamic pressure region (70 and 80-sec. flight time conditions). The

Sinusoidal Gust and Imbedded Gust Criterias are used as the wind environ-

ments in phases I and II, respectively.

The analytical model of the Saturn V includes the following de-

grees of freedom: translation, rotation, first four bending modes, two

sloshing modes_ and control deflection. Frozen coefficients are used, with

each set of coefficients applicable to a lO-sec, flight time interval. The

bending moment response comparisons are made using a "reduced bending

moment expression." This expression is developed from a summation of

moments technique.

The maximum responses of the bending modes and control deflection

to the Sinusoidal Gust Criteria are most notably affected by the inclusion

of penetration and lift growth effects. Instantaneous immersion (the con-

ventional aerodynamic representation) results are generally conservative

(large) for the first three bending modes and unconservative for the fourth

bending and control deflection. The amount of conservativeness and uncon-

servativeness of instantaneous immersion depends on the driving frequency

of the sinusoidal gust.

Smaller maximum bending moment responses result from an attitude

control system than from an angle of attack control system. The maximum

bending moment responses computed with instantaneous immersion are conserv-

ative (large) compared to those obtained with penetration effects. The

amount of conservativeness is largest near the top of the vehicle where

bending mode dynamics are a significant part of the total load.

The inclusion of third and fourth bending and the effects of fins

and shrouds into the analysis produced significant differences (in an



engineering sense) between responses computedwith and without penetration
considerations. This is opposite from the results obtained in [_ wherein
penetration effects were found to be insignificant when third and fourth
bending and empennageeffects were neglected.
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I. INTRODUCTION

In a previous program [_, the wind-induced responses of a Saturn

V configuration (without fins and engine shrouds) were calculated and com-

pared for three aerodynamic theories or representations. The most accurate

representation accounted for the time delays of penetration and used un-

steady aerodynamics so that growth of lift smoothing and delays were in-

cluded. The second representation, referred to as pure penetration, used

pseudo-steady aerodynamics but included penetration delays. The third

representation used pseudo-steady aerodynamics and assumed that the cross

wind at the tip of the vehicle acted instantaneously over the entire vehicle

length. This latter representation was referred to as instantaneous im-

mersion.

The responses in [_, which included two bending modes, were af-

fected by penetration to a detectable but insignificant degree. The addition

of growth of lift caused a very small change. The conventional, instantane-

ous inmlersion, responses were found to be slightly conservative (large) for

the cases computed.

The calculations in [i] did not provide an example of significant

response changes due to penetration and lift growth. The lack of signifi-

cance was believed to result from the simplified mathematical model of the

Saturn V used.

It was therefore recommended that the model be expanded to in-

clude four bending modes and simulated fins and engine shrouds. Also in-

vestigated are the effects of various control systems on vehicle response

when penetration aerodynamics are considered. Bending moment responses

were computed in conjunction with the control study.

The investigation reported was conducted to supplement the re-

sponse studies in [2,3 and _].

II. BASIC GOAL OF THE INVESTIGATION

The basic goal of the work presented in this report is divided

into two main phases. Phase I of the contract is an investigation to deter-

mine the effects and importance of penetration and growth of lift on vehicle

responses. The objective of this phase is to make response comparisons

when the effects of (i) fins and engine shrouds and (2) third and fourth

bending modes are incorporated into the analysis. Phase I is a direct ex-

tension of the response study reported in [_ .



Phase II of the investigation is a study to determine the relative
merits of two types of control systems on load alleviation when gust pene-
tration effects are considered. The two methods of control considered are:
(i) angle of attack and (2) attitude.* To augment the load alleviation
analysis_ the vehicle's bending momentresponses are computedat three
station locations. The effects of fins and engine shrouds and the higher
bending modeswere included also in the phase II study.

To accomplish this basic goal, the investigation proceeded in the
following manner.

i. The indicial** and impulsive_-_*responses of the vehicle were
computedin the peak dynamic pressure region using three aerodynamic con-
siderations: (i) penetration with lift growth effects, (2) pure penetration,
and (3) instantaneous immersion. Slender-body theory was used throughout
the investigation.

2. The wind-induced responses of the vehicle were computedfrom
the impulsive responses using the Duhamelsuperposition integral. In Phase
I, the wind-induced responses of the generalized coordinates were evaluated
for the three aerodynamic considerations. NASA'sSinusoidal Gust Criteria
was used as the atmospheric wind environment. In Phase II, the wind-in-
duced responses of both the generalized coordinates and bending momentswere
computedfor two aerodynamic considerations: (i) pure penetration and (2)
instantaneous immersion. In this phase, NASA's ImbeddedGust Criteria was
used as the wind environment.

III. DESCRIPTION OF THE INVESTIGATION

A. Saturn V Model

The Saturn V configuration with fins and engine shrouds was used

in the response investigation of both phases I and II. The equations of

The angle of attack control system utilizes both an attitude reference

control (position and rate gyro sensors) and a flow direction indi-

cator (angle of attack sensor). The attitude control system contains

only the position and rate gyro sensors. The mathematical descrip-

tions of both control systems are given in Appendix I.

Response to a unit step.

Response to a unit impulse.

4



motion and the control equations of the vehicle system are presented in
Appendix I. Nine generalized coordinates were considered in the response
calculations: lateral translation, Yo ; rotation, _ ; the first four bend-
ing coordinates, _i' 02' _3 and _4; two sloshing coordinates, _i and _2 ;*
and control deflection, 8C "** The angle of attack control system was used
in the phase I study. Both this control system and the attitude control
system were utilized in the phase II investigation.

The equations are valid for a swivel engine controlled vehicle
where the swiveled engines account for four-fifths of the total thrust
force. The vehicle and atmospheric parameters appearing in the equations
are considered constant (frozen) in predetermined flight time intervals.

The fins and engine shrouds located on the aft end of the vehicle
were simulated by two adjacent conic sections (see Appendix II). The
equivalent conic sections were designed to provide the samenormal force
in the steady-state condition as the actual empennages. Experimental data
for the normal force coefficients of the fins and engines shrouds were used
in the approximation. These data are taken from wind tunnel test [_ and
account for the fin-shroud-body interference effect.

B. Indicial and Impulsive Aerodynamic Forces

A detailed development of the transient and quasi-steady indicial

and impulsive generalized aerodynamic forces is presented in [_ for a

Saturn V configuration without fins and engine shrouds. Since the aero-

dynamic configuration considered in this report includes fins and engine

shrouds, it was necessary to extend the force expressions in [_ to include

the aerodynamic effects of these empennages. A brief summary of the

development in [_ is presented in Appendix II along with the aerodynamic

influence of simulated fins and engine shrouds. This formulation of the

generalized aerodynamic forcing functions is based on slender-body theory.

Three types of wind-induced forcing functions are compared in this

report. The three types are termed instantaneous immersion (II), pure

penetration (PP), and penetration with lift growth (I_LG). Each one is as-

sembled using combinations of geometric and aerodynamic representations as

shown in Table I.

The two sloshing coordinates considered are associated with the funda-

mental fluid motion in the IDX and fuel tanks located in the booster

stage of the vehicle.

The actual engine deflection, BE , and the control deflection, _C _ are
considered to be equal.



Type

II

PP

TABLEI

WIND-INDUCED FORCING FUNCTIONS

Representation

Geometric

Uniform Cross Flow

Wind-Induced Cross Flow*

A Function of Vehicle

Station Location

Aerodynamic

Quasi-Steady

Quasi-Steady

I_FLG Wind-Induced Cross Flow Transient

A Function of Vehicle

Station Location

* The cross flows induced by the vehicle motions are in all cases treated

with quasi-steady aerodynamics. These cross flows are small in com-

parison to the wind-induced cross flows and appear in the left hand

side of the equations of motion (see Appendix I).

The air forces described by quasi-steady aerodynamics, are those

which would exist at any vehicle station if the local cross flow persisted

unchanged for an extended time. The transient aerodynamic representation is

based on the theory of unsteady motion of slender bodies of revolution and

includes the growth of lift with time.

The simplest type of forcing function is instantaneous immersion;

while the most accurate is penetration with lift growth. Both instantaneous

immersion and pure penetration forcing functions can be obtained as special

cases of the penetration with lift growth expressions (see [i] and Appendix

II).

The extension of the aerodynamic force expressions in [_ to in-

clude the effects of the fins and engine shrouds is presented in Appendix

II. The aerodynamic contributions of the fins and engine shrouds are ap-

proximated by an equivalent body of revolution - in this case_ two adjacent

conic sections. The conic sections are designed to produce the same steady-

state slope of the normal force coefficient as the actual fin and engine

shroud region. The upstream position of one frustum is located at the be-

ginning of the engine shrouds, while the other frustum starts at the be-

ginning of the fins. The cone angle, _A , of the upstream frustum is

selected to provide a steady-state normal force equal to the force due to



the shrouds alone. The second cone angle, _5 _ is chosen so that the second
frustum and the exposed fraction of the first cone provide the steady normal
force due to the fin-shroud combination.

The ability to approximate the fin and engine shrouds by an
equivalent body of revolution permitted the use of the general indicial and
impulsive force expressions given in [_ . The aerodynamic addition of the
fins and engine shrouds increased the numberof vehicle conic regions from
A (as were considered in [_ ) to 6. Again as in [_, quadratic polynomials
were used to curve fit the mode shapesover the conic regions in evaluating
the generalized forces associated with the bending modes.

Figures I - 12 give the Saturn V indicial and impulsive generalized
aerodynamic forces associated with rigid body and the first four bending
modes.* The curves are presented for a Machnumber of 1.3A5 (70-sec. flight
time). The indicial forcing functions are given in Figs. i through 6, while
the impulsive forcing functions are shownin Figs. 7 through 12. The ef-
fects of penetration with lift growth_ pure penetration and instantaneous
immersion on the generalized forces can be easily seen from the figures.
The impulsive forces resulting from instantaneous immersion considerations
are not presented since they can only be described in an integrated sense.

The half cross section of the Saturn V configuration with simulated
fins and engine shrouds is given at the bottom of each figure to facilitate
interpretation of the growth functions. At zero time, the first region (es-
cape tower) penetrates the gust front and the generalized force buildup
begins. The succeeding conics encounter the gust at 0.0216, 0.0500_ 0.0930_
0.2A31 and 0.2523 sec. The pure penetration curves reach steady-state con-
ditions at 0.2629 sec. The penetration with lift growth curves, in actuality,
do not reach steady-state in a finite time. However, based on the numerical
accuracy sought, these curves are assumedto reach steady-state at 0.A89A sec.

In [i], only the first four conic regions were considered in com-
puting the aerodynamic forcing functions. The pure penetration and penetra-
tion with lift growth curves for a four conic configuration reach steady-
state conditions at 0.1065 and 0.2895 sec., respectively. Including the ef-
fects of fins and engine shrouds in the aerodynamic formulation obviously
causes the force buildup to be distributed over a longer response time than
when only four conics are considered. Also, in comparison to the first four
conic regions, the fins and engine shrouds yield a significant contribution
to the steady-state forcing functions (see Figs. i through 6).

* The 70-sec. flight time indicial and impulsive forcing functions corres-
ponding to translation and first and secondbending are given in [i] for
a configuration without fins and engineshrouds.
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The moment distribution (generalized force due to rotation) is reduced to a

relatively small steady-state value by the counteracting moment generated

by the empennages.

The general form of the bending moment growth functions associated

with the first four bending modes is similar to that of the rigid body

forcing functions. The bending moment growth functions, however, reflect

the character of the mode shapes. The negative growth functions in Figs. 9

through 12 correspond to regions of negative displacements of the respective

bending modes. The integrated effects of the negative growth functions are

given in the indicial forcing function plots. The mode shape influence on

the growth functions in the region of the fins and engine shrouds in very

weak. This is because the vehicle is extremely stiff in this region and

all four mode shapes are normalized to one at the swivel point.

C. Method of Solution for Indicial and Impulsive Responses of Saturn V

Configuration with Fins and Engine Shrouds

A fourth order* Runge-Kutta integration was used to numerically

integrate the equations of motion. Responses were obtained for six dif-

ferent sets of aerodynamic environments. These six sets of forcina func-

tions contain the indicial and impulsive aerodynamic forces** resulting:

from

i.

2.

3.

Penetration with lift growth effects (abbreviated I%ULG),

Pure penetration effects (abbreviated PP), and

Instantaneous immersion (abbreviated II).

* The Runge-Kutta integration expression used is considered to be of

fourth-order accuracy. This is the same method used to compute the

indicial and impulsive responses presented in [_ .

** In [_ the aerodynamic forcing functions were calculated by the same

computer program that obtained the indicial and impulsive responses.

For this current investigation the aerodynamic subroutines were re-

moved from the response program described in [_ , and made into a

completely separate main program. This aerodynamic program generated

forcing function tapes which supplied a modified version of the

response program with the necessary transient and steady-state aero-

dynamic wind forces. The use of externally generated aerodynamic

tapes gave the response program greater flexibility in that the pro-

gram was not tied directly to a specific aerodynamic theory or

representation.

14



The Runge-Kutta integration process requires knowledge of the
initial conditions (or starting values). The initial conditions for each
of the six sets of forcing functions of both systems of equations were
found through use of Laplace transform techniques. These techniques are
discussed thoroughly in [i].

The indicial and impulsive responses of the Saturn V were com-
puted at the 70- and 80-sec. flight times. The systems of equations are
given in Appendix I and are described by a set of linear, differential
equations with constant coefficients. Each set of coefficients_ and conse-
quently the associated responses, is applicable in a specific time interval.*.

Extremely fine time increments** were used in computing the
indicial and impulsive responses of the deflections and their first deriva-
tives. (Coarser increments were used in the printing and plotting of the
output.)

In each flight time band, the responses were computedfor a time
interval of 20 sec. Twenty-second response records were computedfor two
purposes:

i. To insure that the responses achieved satisfactory steady-
state values_ and

2. To verify the assumption of using constant coefficients for
a 10-sec. flight time band.

* The applicable interval of flight time for each set of these responses
is taken as i0 sec. Thus, for example, the 70-sec. response calcula-

tions (obtained using the coefficients at 70 sec.) are considered

valid between flight times of 65 and 75 sec.

** The selection of the increment size was based on the same two require-

ments used in [i]:

i. The increment size should be sufficiently small to permit a de-

tailed description of the aerodynamic force distributions. (In this

case, the aerodynamic forces are obtained from interpolation of data

on the aerodynamic tapes.)

2. The increment size should permit 52 calculated response values

per cycle for the highest frequency component of the system.

15



The impulsive responses for the 70-sec. flight time conditions
converged at a faster rate than the 80-sec. responses. All of.the 70-sec.
impulsive responses (excluding translation) converged to within i percent
or less of their maximumvalues at the end of 20 sec. In general, the
S0-sec. impulsive responses also converged to within I percent of their
maximumvalues with the exception of the higher bending modes, sloshing
modesand control deflection. These latter responses had only decayed to
within 5 percent at the end of 20 sec. In addition, the 80-sec. attitude
control impulsive responses converged at a slower rate than the angle of
attack control responses.

The assumption of constant coefficients was found to be valid for
the 70-sec. flight time band responses. However, the use of constant
coefficients in evaluating the 80-sec. responses was questionable. If, for
each flight time band, the sloshing and fourth bending degrees of freedom
were removedfrom both systems of equations, the responses of the remaining
systems (excluding translation) would achieve satisfactory steady-state
values within i0 sec. of response time. The sloshing and fourth bending
modesare dampedvery lightly in comparison to the other modesof the
system. Since coupled systems are considered, the response calculations
for the generalized coordinates after about 7 or 8 sec. reflect the in-
fluence of sloshing and fourth bending*. The sloshing influence is
governed basically by that part of the equations of motion which contain
time invariant coefficients. The fourth bending mode, however, contains
less dampingat 80 sec. than at 70-sec. flight time (-0.3068 to -0.3Z38
rad/sec at 70 sec. comparedto -0.1288 to -0.1593 rad/sec at 80 sec.). It
is primarily this reduction in fourth bending damping that causes the 80-
sec. responses to converge so slowly. For this reason, the 70-sec. re-
sponses are considered to be more reliable than the 80-sec. responses.
Therefore, more emphasiswill be given in this report to the 70-sec. re-
sponses than to the 80-sec. responses.

A considerable amount of indicial and impulsive response data
were generated_ plotted and analyzed in the investigation. Only a repre-
sentative quantity of these data is presented in this report. Sampleplots
of the impulsive responses of several generalized coordinates are shown in
Figs. 13 through 27 for the 70-sec. flight time band. These responses re-
sult from an angle of attack control system (Control i) and reflect the
three types of aerodynamic representation employed.

The numerics presented alongside the plots pertain to an analysis
(see [i]) of the zero crossings, maximumand minimumvalues of the respective

* The effect of fourth bending was detected in all responses as early as
2 sec. after immersion into the gust.
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coordinate response. The format of the information presented is as

follows :

Response Response Response

Time Value Maximum, Minimum

or Crossing

The maximum, minimum and zero crossing values are the calulcated points

which precede (in time) the event.

The evaluation of the wind-induced responses (both generalized

coordinates and bending moments) can be determined from either the indicial

or impulsive responses. In a past investigation (see [_ ), the impulsive

responses were shown to have better convergence characteristics than the

indicial responses. Thus, the impulsive responses were selected for use in

the calculation of the wind-induced responses. The evaluation of these

wind-induced responses is presented in the next section.

D. Wind-Induced Responses

This section presents the method used and procedures followed in

computing the wind-induced responses of the Saturn V generalized coordinates

and bending moments. A sample of the numerical computations is presented

for illustrative purposes. The responses of the vehicle to an arbitrary

side wind input are formulated as Duhamel integrals (see [i]). The kernel

function of these integrals is written in terms of the impulsive responses.

Thus, the wind-induced responses are given by

t

R(t ) =_o Ri (t-_)vy (_)d_
(i)

where Ri(T ) is a g_neralized coorinate or a bending moment response (see

Appendix III) to a unit impulse wind, v_ (T) is an arbitrary side wind
J

profile, and R(t) is the generalized coordinate or bending moment response

to the wind, Vv(t ). Descriptions of the wind environment used in the

above integral are given in Appendix IV.
d

The two phases of the investigation ar@ defined in terms of the

purpose and use of the wind-induced responses sought and the types of wind

environment used in computing the responses.

32



In phase I, the wind-induced responses of the generalized co-
ordinates were evaluated to determine the effects and importance of penetra-
tion and growth of lift on the vehicle responses.

The responses considered were the nine generalized coordinates
plus the local angle of attack*_ _L " NASA'sSinusoidal Gust Criteria was
used as the wind environment in phase I. The basic constituents of the
Sinusoidal Gust Criteria are the wavelength, k _ and amplitude, A , of
the sinusoids (see Appendix IV). The relationship between a given wave-
length and its associated amplitude is presented in tabular form in [63 .
For the response calculations in phase I, four wavelengths were considered
for each flight time condition investigated. Thesewavelengths corresponded
to the first four bending frequencies (coupled) of vehicle system.

In phase II, the wind-induced responses of both the generalized
coordinates (including local angle of attack) and bending momentswere com-
puted in investigating the influence of methods of control on vehicle re-
sponses and load alleviation whengust penetration effects are considered.
Responsesto NASA'sImbeddedGust Criteria were comparedfor two aero-
dynamic considerations: instantaneous immersion and pure penetration. Two
types of vehicle control systems were investigated: (1) angle of attack
and (2) attitude (see Appendix I).

The development of the bending momentequations used in this
report is discussed in Appendix III. These equations were formulated from
three basic approaches: (1) a total bending momentobtained by a summation
of momentstechnique, (2) a reduced, or simplified form of (1), and (3) the
modedisplacement method. According to the first technique, the bending
moment at any station, xk , along the vehicle length is derived by con-
sidering the aerodynamic, thrust and inertia forces acting on a free body
segment of the vehicle. The reduced bending momentequation is obtained
from the total by neglecting terms that are small comparedto those re-
tained. The bending momentarising from the third method is computedfrom
elementary beamtheory considerations.

* In phase I, _L
defined as

is the rigid body angle of attack at the vehicle's nose

U U U

is the location of the vehicle's center of gravity, measuredHere, x
from t_e nose.
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FromAppendix Ill, the total bending momentequation is given by,

MBT(xk,t) = MGUST(Xk,t) + _(Xk)_(t) + M_(Xk)_(t)

&

+ _CXk)_C (t) + _CXk)_Ct) + E _iCXk)_i (t)
u i=l

A
! *°

+ _- M{i(xk)_i(t)+ Z _i(Xk)_i(t) ;
i=l i=l

(2)

the reduced bending moment equation is given by

MBR(Xk, t ) = MGUST(Xk,t) + M_(Xk)_(t ) + M_c(Xk)SC(t)

A
! g"

+ _- Msi(Xk)_i(t ) ;
i=l

(3)

and the mode displacement bending moment equation is

n

MBM(Xk,t ) =- __-- w2iIi(Xk)_i (A)
i=l

The entities in the above equations are defined in Appendix III.

The wind-induced bending moment response comparisons given in

this report are based on the reduced bending moment expression. Of the

three bending moment equations, the reduced expression affords the greatest

numerical reliability. Numerical difficulties were encountered in evaluat-

ing some of the weighting coefficients, M'(Xk) , in the total bending

moment equation and convergence uncertainties existed in the mode displace-

ment method since only four modes were considered.
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The bending momentand local angle of attack* responses were
evaluated at three vehicle stations:

Station i - Located at the base of the commandmodule (xk = 12
meters),**

Station 2 - Located at the base of the instrument unit (xk = 25
meters), and

Station 3 - Located at the mid-point of the LOXtank of the S-IC
stage (xk = 76.2 meters).

The wind-induced responses for each phase were computedin the
70-and80-sec. flight time bands. Eachband was initially chosen to en-
compassi0 sec. of flight time with the vehicle parameters evaluated at the
band midpoint. In other words, the 70-sec. band would extend from 65 to
75 sec. Subsequently, each band was extended 5 sec. so that, for instance,
the 70-sec. band extended from 65 to 80 sec. The computation of the extra
5 sec. of response records were madeto insure that the maximumwind
responses would be recorded and that the responses would exhibit somecon-
vergence toward their steady-state value. In order to conserve computer
running time, computation of responses were madeonly over the flight time
intervals of 70 to 80 sec. and 80 to 90 sec. Responsesto the buildup rate
of the wind profiles were considered a secondary feature of the wind re-
sponse traces.

The numerical increments used in each band to calculate the re-
sponses were chosen to provide sufficient resolution to adequately define
the highest frequency componentof the system. The computer programs em-
ployed to obtain the wind induced responses are modified versions of those
discussed in [i].

A representative sample of the 70-sec. flight time band wind-
induced response is presented in this report. Several coordinate responses
to the Sinusoidal Gust profiles, shownin Fig. 28, are presented in Figs. 29
through _3. These responses result from an angle of attack control system
and reflect the three types of aerodynamic representation employed. The
wavelength of the sinusoidal gust corresponds to the secondbending frequency

In phase II, the expression used for the local angle of attack is

+ .(Xk-Xg) + v (xk,t)
: - u u

For xk = O, this equation reduces to the local angle of attack ex-

pression used in phase I.

The values for xk are measured aft from the top of the vehicle's

excape tower.
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Fig. 28 - Sinusoidal Gust Profile, A = 8.6 m/sec, X = 190.2 m
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The vehicle's bending moment responses (reduced expression) to

the Imbedded Gust Profile, shown in Fig. AA_ are presented in Figs. A5

through 56 for the three station locations. These responses evolve from

both the angle of attack (Control i) and attitude (Control 2) control

systems and the two types of aerodynamic representations used.

The numerics presented alongside the wind-induced responses per-

tain to an analysis of the responses curves. The analysis performed was

the same as that used for the impulsive responses.

A discussion of the preceding figures and results obtained from

figures of this type is given in the next section.

IV. RESULTS AND DISCUSSION OF RESPONSE INVESTIGATION

In this section the results of the two phases of the investiga-

tion are referenced and discussed. The results are presented separately

for each phase because of the purpose/and use of the wind-induced responses

sought for each of the two phases. The interpretations of results which

follow can be drawn only for the Saturn V configuration used and modes con-

sidered.

A. Phase I

In this phase, the responses to NASA's Sinusoidal Gust Criteria

are compared to determine the effects and importance of penetration and

growth of lift on vehicle responses. Only the angle of attack control

system was considered in this phase of the investigation.

The estimation of the importance of the effects of penetration

and growth of lift will be discussed in terms of two portions of the re-

sponses: the transient and steady-state. The steady-state portion is that

region in which the oscillatory response is in tune with the driving

frequency of the sinusoidal profile. In general, the maximum responses

occurred within the transient portion. Consequently, this region will be

discussed first.

i. Transient responses: In discussing the maximum responses to

the Sinusoidal Gust Profile_ it is convenient to first digress and recon-

sider the impulsive responses. In [i], it was suggested that the importance

of penetration and lift growth would be apparent in the comparison of im-

pulsive (and indicial) responses based on the three aerodynamic representa-

tions.
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The results presented here substantiate the fact that the differences and

similarities observed in the impulsive responses can be used with sufficient

success to predict the effects of penetration and lift growth.

The three aerodynamic representations yield basically similar

responses to the impulsive wind. The most noticeable differences occur

during the highly oscillatory response shortly after immersion in the gust.

The following refers to Figs. 13 - 27 which contain responses at

70 sec. using the angle of attack control. For the first three bending

mode responses, pure penetration (PP) and penetration with lift growth

(I_LG) representation yield moderately smaller oscillatory excursions than

instantaneous immersion (II). These differences range from iS to 23 per-

cent of the excursion amplitude. For the fourth bending response

yields slightly larger oscillatory excursions (9 to 13 percent of excursion

amplitude) than II and PP. For control deflection, both PP and _ yield

slightly larger oscillations (ii percent of excursion amplitude). The

effects of penetration on rotation, local angle of attack,* and the two

sloshing modes produce smaller oscillatory excursions than II (5 percent or

less of excursion amplitude). The above differences for the three aero-

dynamic representations are generally less for the 80-sec. flight time con-

dition.

The effects and importance of the aerodynamic representation upon

responses will now be discussed in terms of the wind-induced responses.

Samples of the 70-sec. wind-induced responses to the Sinusoidal Gust Criteria

are shown in Figs. 29 through A3 for the three aerodynamic representations.

These particular responses are driven by the second bending frequency. The

general behavior** of these responses is very similar to those obtained for

the other driving frequencies and flight time.

* The local angle of attack referred to is that at the top of the escape

tower.

** All of the sinusoidal responses are bounded for the frequencies of

excitation considered. When the system is driven at the fourth bend-

ing frequency, the maximum response values of second, third and fourth

bending modes and control deflection occur near the end of the re-

sponse record. The influence of fourth bending excitation on the

system is extensive because of the extremely low damping of fourth

bending (-0.3338 rad/sec and -0.1593 rad/sec for the 70- and 80-sec.

flight time condition, respectively). Thus, the effect of fourth

bending propagates throughout the system before it damps out. Con-

sequently, the validity of the response values obtained from fourth

bending frequency excitation is questioned for the 70- and expecially

80-sec. flight times because of the low fourth bending damping.
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The sametypes of differences and similarities observed in the im-
pulsive responses occur here also. Ratios of values of observed maximum
responses to the Sinusoidal Gust Criteria are presented in Table II for the
70 and 80-sec. flight times. The penetration with lift growth results are
used as a reference in forming the ratios since this representation is the
most accurate. The maximumresponse values resulting from penetration with
lift growth considerations are given in Table III.

It is seen in Table II that the maximumresponses of bending and
control deflection are the modesmost significantly affected by the in-
clusion of penetration and lift growth effects. The amount of conservative-
ness and unconservativeness of instantaneous immersion on these modesde-
pends upon the driving frequency. In general, instantaneous immersion is
conservative for the first three bending modesand unconservative for the
fourth bending modeand control deflection. The largest difference between
instantaneous immersion and penetration with lift growth, occurs for that
modebeing driven by its natural frequency.

The difference between pure penetration and penetration with
lift growth is seen to be larger for the higher bending modesand also the
control deflection. Pure penetration is unconservative for third and
fourth bending by 5.2 to i0.0 percent. For control deflection, pure pene-
tration effects range from being unconservative by IA.6 percent to being
conservative by 1.0 percent.

It is seen, also, from Table II that the differences in maximum
responses for rotation, first and second sloshing and local angle of attack
for the aerodynamic representations do not appear significant in an engi-
neering sense. Rotation evaluated with instantaneous immersion considera-
tions is unconservative (small comparedto penetration with lift growth)
by 0.01 to 3.0 percent; first sloshing with instantaneous immersion is con-
servative]by 1.8 to A.I percent; second sloshing with instantaneous im-
mersion is conservative by 1.3 to A.I percent; and local angle of attack
with instantaneous immersion is unconservative by 0.i to 0.5 percent.

It is felt that the significant differences between responses
calculated with and without penetration can be directly attributed to the
inclusion of third and fourth bending and the fins and engine shrouds into
the analysis. This is substantiated by the fact that the response study
in [i], in which third and fourth bending and fin-shroud effects were
neglected, showedthe instantaneous immersion representation to be con-
servative by less than 5 percent. This small difference was considered
insignificant in an engineering sense.

The differences between responses calculated with and without
penetration are seen, in general, to diminish with increasing flight time.
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This would be expected since with higher speeds the penetration requires

less time and thus approaches instantaneous immersion.

The import of penetration effects on the steady-state oscillatory

portion of the wind-induced responses will now be discussed.

2. Steady-state responses: The comparisons of the steady

sinusoidal responses from the three aerodynamic representations are made

using two measures of the response. The measures are obtained from a

single set of adjunct maximum and minimum values for each response. These

values are differenced to obtain a local excursion* and averaged to obtain

a local average response. The adjunct response values for each response

are taken from a common response time for each flight time band (approxi-

mately 79 and 89 sec.). Ratios of local average response and local excur-

sion were formed for each response using the penetration with lift growth

results as a reference. These values are not reproduced here, but simply

summarized in the following.

The results indicated that the local average responses (except

control deflection) were insignificantly affected by the inclusion of

penetration and lift growth effects. Responses, other than control deflec-

tion, computed from instantaneous immersion generally were conservative by

not more than 5 percent. Instantaneous immersion for control deflection

was conservative by about 50 percent.

The local excursion of the responses (except local angle of attack)

was significantly affected by the aerodynamic representation. Instantaneous

immersion results were generally conservative by between 20 and 50 percent

when the system was driven by the first, second and third bending fre-

quencies. However, when fourth bending frequency was impressed on the

system, instantaneous immersion was unconservative by about 20 percent.

The local excursion of the local angle of attack was not affected appre-

ciably by the aerodynamic representations.

* In [_ , a more formal analytical method was used to investigate the aero-

dynamic representation effect on responses to two actual wind profiles.

0nly general qualitative results, however, are sought from the steady-

state sinusoidal responses in this present investigation.
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In summary,the steady-state local average responses, except con-
trol deflection, were independent of the aerodynamic representation.* The
excursions from the local average, except for local angle of attack, are
primarily affected by penetration effects. The effects of penetration on
the excursions were seen to diminish with increasing_flight time.

B. Phase II

In this phase the wind-induced responses of both the generalized

coordinates and bending moments were used in investigating the influence of

methods of control on vehicle responses and load alleviation when gust

penetration effects are considered. Responses to NASA's Imbedded Gust

Criteria were compared for two aerodynamic considerations: instantaneous

immersion (II) and pure penetration (PP). The pure penetration responses

were used as the basis of comparison since they are the more accurate of

the two sets. Two types of vehicle control systems were investigated:

(i) angle of attack and (2) attitude. The angle of attack control will be

denoted as type I control, the attitude control as type II. These are

referred to as "Control i" and "Control 2," respectively, in the response

figures.

To supplement the understanding of the fin and engine shroud ef-

fects on the responses, supplementary computations were made for the 70-sec.

flight time condition. The empennage effects were omitted in these addi-

tional calculations, but the influences of third and fourth bending modes

were retained.

The response of the generalized coordinates to the Imbedded Gust

Criteria will be discussed first, followed by the presentation of the

bending moment responses.

i. Generalized coordinate responses: The responses of the

generalized coordinates to the Imbedded Gust Criteria were computed, plotted

and analyzed. The most pertinent results, which are the maximum response

values, are given in Tables IV and V. The plots themselves are not re-

produced here since no useful purpose would be served. Certain general

trends were noted, however, which will be mentioned before proceeding to the

tables of maximums.

* In [i], the local average responses to actual winds were suggested as

being independent of aerodynamic representation if the corresponding

impulsive responses exhibited a long, slow approach toward steady-

state values. The local average values of the wind-induced responses,

in this case_ depend largely on this long tail and the history of wind

inputs. It is believed that it is this same situation that governs

the local average values of the steady state oscillations.
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All of the responses to the Imbedded Gust Criteria are bounded.

Larger response excursions were noted for the type I control than for type

If. This was particularly true in the vicinity of the imbedded gust. The

excursion magnitudes of the type I responses, however, were seen to

diminish as the steady-state responses were approached. The smaller type

II control response excursions were expected since this control system does

not contain the angle of attack feedback term.

Several observations regarding the effects of control type upon

maximum responses can be drawn from Table IV. These values were obtained

using pure penetration aerodynamic considerations. When the effects of

fins and engine shrouds are included, the maximum responses of rotation,

third and fourth bending and control deflection are smaller for the type

II control. Using the type I control responses as the basis for comparisons

(see Table IV and both flight times), the type II response for rotation

(absolute value) is smaller by approximately 75 to 90 percent; third bending

is smaller by about 3 to 6 percent; fourth bending is smaller by about 20 to

25 percent; and control deflection is smaller by about 2A to 55 percent.

The remaining responses are generally larger for the type II control. First

and second bending are, however, about the same for the two types of con-

trol. The sloshing displacements and local angle of attack values are ap-

proximately 6 to 2A percent larger for the type II control.

It is interesting to note that almost all the type II control

responses are larger than the type I when the effects of fins and engine

shrouds are neglected. The only exception is fourth bending which is about

30 percent smaller. Also, control deflections are 8 to lO percent larger;

while the local angle of attack values are about 1S to 18 percent larger.

It is difficult to draw quantitative conclusions from Table V

about the effects of aerodynamic representation because of the lack of con-

sistent trends between control types and flight times. Several qualitative

observations, however, are possible.

a. Instantaneous immersion maximum responses are generally

conservative (larger than pure penetration) for both types of control. The

amount of conservativeness of instantaneous immersion is, in most instances,

larger for the type I control responses than the type II control (with the

exception of the 70-sec. rotation and control deflection values).
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b. Those responses most significantly affected by instan-
taneous immersion are: rotation, isecondand third bending and control de-
flection.*

c. The local angle of attack at the three station locations
is insignificantly affected by the inclusion of penetration effects.

There are a few entries in Table IV where instantaneous immersion
is unconservative by between 5.8 to 8.8 percent: rotation (type I control,
70 sec.), first sloshing (type II control, 70 sec.), and control deflection
(type I control, 80 sec.). The reason why rotation for the type II control
at 70 sec. is significantly affected by instantaneous immersion (32.7 per-
cent) might be explained by the fact that control deflection for these con-
ditons is also affected (6A.I percent). These two coordinate responses
are strongly related for the type II control. The conservativeness of
instantaneous immersion for second and third bending might be explained in
terms of the relationship of their respective natural wavelengths to the
wavelength of the imbeddedgust. The wavelength of second and third bend-
ing are approximately 190 m and 127 m, respectively; the half wavelength of
the imbeddedgust is 150 m. Thus there appears the possibility of the
imbeddedgust exciting these two bending modes, especially when instantaneous
immersion is considered.

The 70-sec. type I control responses computedwithout the effects
of fins and engine shrouds are mildly affected by the inclusion of penetra-
tion effects. The corresponding type II control responses are insignifi-
cantly affected. Thus, it appears the significant effects of instantaneous
immersion, especially for the rotation, second and third bending and control
deflection, are mainly due to the fin and engine shroud effects.

The effects of control type and aerodynamic representation upon
maximumbending momentresponses will nowbe discussed.

* The conservativeness of instantaneous immersion for second and third
bending and control deflection can also be seen from the impulsive
responses of these coordinates. The instantaneous immersion excursions
are significantly larger than the pure penetration, particularly just
after immersion into the gust.
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2. Bending moment responses: Plots of the 70-sec. wind-induced

bending moment responses to the Imbedded Gust Criteria are presented in

Figs. 45 through 56 for the three vehicle station locations.* These re-

sponses were computed using the reduced bending moment expression (5). For

each station location, the first figure evolves from the angle of attack

control system (type I control noted as "Control i"), while the second

figure evolves from the attitude control system (type II control noted as

"Control 2"). The pure penetration results are given first in Figs. 45

through 50. All bending moment figures shown contain the influence of the

fins and engine shrouds.

All the bending moment plots have about the same general

character. They exhibit a maximum response peak close to the time of ap-

plication of the imbedded gust (see Fig. 59) and then a damped oscillatory

response approaching steady-state conditions The high frequency oscilla-

tion during decay toward steady-state is due mainly to the fourth bending

mode frequency of the system.

The estimation of the effects of control type and importance of

penetration on the bending moment response will be discussed in terms of

the maximum responses. The effects of the types of control upon the maxi-

mum bending moment can be seen from Table VI.** Larger maximum bending

moment values***result from the type I control than from the type II control.

* The three station locations, x k , (measured aft from the top of the

escape tower) are:

Station i - Located at the base of the command module (xk = 12 m)

Station 2 - Located at the base of the instrument unit (xk = 25 m), and

Station 5 - Located near the midpoint of the LOX tank of the S-IC

stage (xk = 76.2 m).

** The negative sign of the bending moment values in Table VI denotes it is

a counterclockwise moment as viewed in Fig. 57 (see p. 86).

*** A small amount of numerical difficulty was encountered in the evalua-

tion of the pure penetration MGUST(Xk,_) term (see III-2_ and III-

25). This was discovered in comparing the steady-state pure penetra-

tion MGUST(Xk,T) with the corresponding instantaneous immersion

term. In this comparison, the two results should be numerically

identical. However, the pure penetration term was 5 to 5 percent

lower than the instantaneous immersion term. It was therefore pos-

sible to correct the PP maximum bending moment response when the

maximum response occurred at a time of steady-state MGUST(Xk,_).

All of the numbers in Tables VI and VII that are not marked with (**)

have been corrected with the instantaneous immersion values of

MGUST(Xk,T ) The remaining numbers could not be corrected since the

maximum bending moment values occurred when the PP MGUST(Xk,T ) was

not at its steady-state value. It is felt, however, that those (**)

values are only slightly different than they should be.
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TABLE VII

VALUES OF THE RATIO_ R

Flight

Time

(sec. )

Type of Aero

Control Rep. Station i

I II i. 1987

PP 0. 9685

II II 0. 4567

PP 0.2907**

I* II 0. 917 4

PP 0. 9055

II* II 0.1708

PP 0.1041

I II 1.2767

PP 1.0556

8

0 II

R

Station 2

O. 5201

0. 4469

O. 1801

O. 1628

O. _i05

O. 4095

0.0512

O. 0258

Station3

0.2112

0.2092

0.0545

0.0580

0.1441

0.1425

0.0241

0.0215"*

0.2287

0.1487

II 0.4011 0.1502 0.0505

PP 0.2745** 0.1165"* 0.0477**

* Effects of fins and shrouds neglected.

** Slightly inaccurate (see text).
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Whenfins and engine shrouds are included_ these values range from about 30
to 60 percent at station i to about 3 to 8 percent for station 3, depending
on the aerodynamic representation used. Whenthe empennageeffects are
neglected the range is from about 50 percent at station i to less than 3
percent at station 3.

To investigate the effect of penetration on bending momentre-
sponse, ratios (II/PP) of observed maximumbending momentresponses to the
ImbeddedGust Criteria were formed. These values are presented in Table VI.
Results pertaining to calculations without fin and engine shroud
effects, but including third and fourth bending mode influence are shown
also.

From Table VI it can be seen that instantaneous immersion results
are conservative. The amount of conservativeness is largest at station I
(i0 to 15.4 percent when fin and engine shrouds are included). The con-
servativeness of instantaneous immersion decreases with increasing distance
from the top of the vehicle. At station 3, II effects are conservative by
only 2.4=to 6.9 percent. Also, II effects are less conservative for the
type II control than for type I control.

Whenthe fins and engine shrouds are neglected instantaneous im-
mersion and pure penetration influence upon maximumbending momentresponses
are approximately equal. For this case II is slightly more conservative for
the type II control than the type I control.

Even though instantaneous immersion effects are largest at station
i, the magnitude of the maximumbending momentat station i is considerably
less than that at station 3. The results indicate that a slight relaxation
can be madeupon the vehicle design requirements if the designs are based
on instantaneous immersion aerodynamics.

A subsidiary analysis was performed to provide insight into the
contributing factors of the conservativeness of instantaneous immersion for
the maximumbending momentresponses at station i. The ratio* (R) of elastic
body bending momentto rigid body bending momentwas computedfrom the
following {see (3)}:

4=

7-
R = i=l (S)

+ ' t
)+ (Xk) SC

* This same ratio was used in _] to investigate the effects of accelerom-

eter control gain on vehicle bending dynamics.
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Twosalient results can be extracted from (5):

i. It permits an appraisal of the relative importance of the
bending modedynamics (or bending modeinertia effects) on the loads at
the various vehicle stations for each type of control. (A ratio value of
unity meansthat the bending dynamics contribute: half of the load.)

2. It yields a quantitative estimation of penetration effects
upon bending dynamics, provided penetration effects upon the rigid body
momentare known.

Values of R for each station location and aerodynamic repre-
sentation are presented in Table VII. These ratios were formed at the time
of maximumbending momentresponse.

It can be seen that the bending modedynamics for the type I con-
trol are a significant part of the maximumbending momentat station i.
This is also true to a lesser extent for the type II control responses.
The influence of bending mode dynamics on the load at station 3 is con-
siderably smaller than at station i. Here again, the effects of bending
mode dynamics are much less for the type II control than the type I. The
ratio values at station 3 indicate that rigid body effects are the dominant
part of the maximumbending momentat this station.

For each station location, the aerodynamic representations yield
almost identical results for the rigid body moment. Instantaneous immersion
results are conservative by, at most, about 6 percent. The largest dif-
ferenc@between the R values for the two aerodynamic representations
occurs at station i. This indicates that penetration effects have a
greater tendency to reduce the bending modedynamics (and consequently, the
total load) at those stations significantly affected by bending dynamics.
This reduction in dynamic effects possibly occurs through cancellation from
the higher bending modes.

V. SUPPLEMENTARY DISCUSSION OF BENDING MOMENT COMI_JTATION

The values of the maximum bending moment responses given in this

report account for the actual phasing effect of the various components

which make up the reduced bending moment expression. To compute the bend-

ing moment trace over a long response time requires rather large blocks

of computer time.* The computer time becomes exorbitant if the bending

moment responses at numerous station locations are desired.

* An average of 0.75 hr. of IBM 7094 was required to compute a lO-sec, re-

sponse trace of the three bending moment expressions for both aero-

dynamic representations.
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A procedure was tested to determine if computer time could be re-
duced, without sacrificing numerical accuracy, by neglecting the phase be-
tween componentsof the bending momentexpression. Samplecalculations of
the maximumbending momentwere obtained for the 70 sec. type I and II con-
trol by summingthe maximumvalue of each component. These calculations
were madeusing the reduced bending momentexpression see (3). The maximum
bending momentscomputedby neglecting the phasing were generally less
than the actual values. This was causedby one of the dominant bending
modeterms being of opposite sign from the maximumbending momentvalue.
Less error was noted for the type I control responses. Considerable im-
provement was achieved by reversing the sign of one of the dominant bend-
ing modecontributions. This, however, requires a judicious treatment of
the bending modeterms. It is for this reason that the maximumbending
momentcannot be accurately predicted by summingthe maximumvalues of each
component.

If only maximumbending momentresponses to the ImbeddedGust
Criteria are desired, a considerable saving in computer time can be achieved
by computing in the near vicinity of the imbeddedgust. The maximumvalues
generally occur within i or possibly 2 sec. after the beginning of the im-
bedded gust.

VI. CONCLUSIONS AND RECOMMENDATIONS

The specific conclusionsdrawn from the results in each phase of

the investigation and the recommendations which follow are based on, and

should be restricted to, the Saturn V configuration and methods of control

considered. The conclusions for each phase of the investigation are

listed separately.

A. Phase I - Response to Sinusoidal Gust Criteria

i. The maximum responses of the bending modes and control de-

flection are most notably affected by the inclusion of penetration and lift

growth effects. Instantaneous immersion theory leads to generally con-

servative (large) results for the first three bending modes and unconserva-

tire results for fourth bending mode and control deflection. The amount of

conservativeness and unconservativeness of instantaneous immersion depends

on the driving frequency of the sinusoidal gust.

2. The difference between the effects of pure penetration and

penetration with lift growth is largest for the third and fourth bending

modes and control deflection. For these modes, pure penetration effects are

unconservative.
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3. Rotation, first and second sloshing and local angle of attack
at the vehicle nose are insignificantly affected by the inclusion of penetra-
tion or lift growth effects.

B. Phase II - Response to Imbedded Gust Criteria

i. The maximum responses of rotation, third and fourth bending

and control deflection are smaller for an attitude controlled vehicle than

for one using an angle of attack control.

2. Smaller maximum bending moment responses result from an

attitude control system than from an angle of attack control system.

3. The maximum coordinate responses calculated with instantaneous

immersion are generally conservative for both the angle of attack and at-

titude control systems. The amount of conservativeness of instantaneous

immersion is, in most cases, larger for the angle of attack control re-

sponses. The effects of penetration on the imbedded gust responses are not

as pronounced, however, as those obtained for the sinusoidal gust responses.

A. The maximum response of local angle of attack (at various

station locations) is insignificantly affected by the inclusion of penetra-

tion effects.

5. Maximum bending moment responses computed with instantaneous

immersion theory are conservative. The amount of conservativeness is

largest near the top of the vehicle where bending mode dynamics are a

significant part of the bending moment response.

The overall general conclusions are:

i. The cases in which penetration and/or lift growth plays an

important role in maximum coordinate responses can be detected_ with suf-

ficient reliability, by comparisons of the impulsive responses using the

various aerodynamic theories.

2. The inclusion of third and fourth bending and the effects of

fins and engine shrouds into the analysis produced significant differences

(in an engineering sense) between responses computed with and without

penetration considerations. This is opposite from the results obtained in

[_ wherein penetration effects were found to be insignificant when third

and fourth bending and empennage effects were neglected.

It is recommended that:
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i. Bending momentresponse to the Sinusoidal Gust Criteria be
computedconsidering penetration effects. It was in the coordinate re-
sponses to the Sinusoidal Gust Criteria that penetration effects were the
most significant. Because of the small amount of damping of the higher
bending modes, the influence of bending dynamics lasts for a long period of
time. This persistence of oscillation can add significantly to the bending
momentif cyclic shears are present, particularly if their frequency con-
tent occurs near bending modefrequencies.

2. Penetration effects be included in a computation of maximum
bending momentsusing power spectral techniques. The use of a continuous
wind frequency spectrum would provide a clearer insight into the importance
of penetration for the most probable wind frequencies.

3. Additional computations be performed to determine the relative
merits of other control systems (i.e., accelerometer and guidance or plat-
form accelerometer control) on load alleviation when gust penetration ef-
fects are considered. These additional results should then be compared
with the present results to determine the optimum control system from the
standpoint of load reduction.

A. Penetration effects should be considered in computation of
maximumbending momentsfor vehicle stations where bending modedynamics
are a significant part of the total load. The present results indicate
that a slight relaxation of structural design requirements can be madefor
these vehicle stations if the previous designs were based on instantaneous
immersion aerodynamics.
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APPENDIXI

EQUATIONS OF MOTION AND CONTROL FOR SATURN V

The equations of motion (see [i] and [7]) of a flexible space

vehicle system in vertical flight are given in this Appendix. The equa-

tions for the two methods of control used in this report are also given.

Nine generalized coordinates are considered in the investigation: lateral

translation, Yo ; rotation, _ ; first four bending mode deflections, _i ,

_2 , _3 and _4 _ two sloshing mode deflections,* _i and _2 , and

control deflection, _C (see Fig. 57). Slender body theory is used to

describe the generalized aerodynamic forces.

For simplicity, the following terms of the equations of motion

(see [i] and [7]) are neglected on the basis of being small by comparison:

i. The rotation of the vehicle's cross sections during bending.

2. Icorr (this neglects the effects of propellant sloshing upon

the total moment of inertia, Icg ).

3. Generalized forces due to the flowing propellants. (This

eliminates the terms containing the time derivatives of the mass of the

propellant.)

A. The compliance of the swivel engines (difference between the

actual swivel engine angle, _E , and the control deflection, _C )" This

amounts to making the linkage connection between the two variables infin-

itely rigid.

5. The mass of the swivel engine and the mass moment of inertia

of the swivel engine about its swivel point.

Incorporating the above assumptions into the equations of motion

given in [12 and assuming that the vehicle and atmospheric parameters are

* The oscillating propellants are described by a mechanical analogy (see

[i_). Only the motion of the liquid in the booster tanks is investi-

gated. The first sloshing mode is associated with the farthest aft

tank, while the second sloshing mode is associated with the adjacent

tank.
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constant in predetermined time or altitude intervals_ the equation of

motion for translation* becomes

4

m QJo7 QJ1_. E Qai%, mSlh+ u-_]yo u-F- u_-
i=1

o]+ ms2_2 + Yo FI+J _ +
u T

4

(Z-l)

for rotation

-'U2 YO + Icg + U-_-j _ - i=l

2QFI 2Q [JI+F2] _- mSl(XSl-Xg)_l - mS2(xS2-Xg)[2 - U Yo + _--

>- 2Q,_. fli * 2QFI_
i=l U

i=l

A
- mslg-_ 1 - ms2g--_2 + _ (XE-Xg)F_ C = M(t) , (7-2)

for m th bending,

* The numerical constant, A/5 , appearing in (I-l), (I-2), and (I-3) as a

multiplier of _C can be generalized to account for any percentage of

the total number of engines which are swiveled.
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n

QGm.. QGm
U-_-Yo - U-'_-_ + Tm_m+

4

Z QCm--i_i
i=l U2

+ msiYm(XSl)_l + ms2Ym(XS2)_2 + 2QDm Yo
U

4

U i=1 U

- 2QDm_ + Tm_ m -

4

i=l

+ msIg-YL(xsI)_I + ms2g-Ym(xs2)_ 2

_ 4_ FYm(XE)_ C = Q_m(t) ,
5

(m = 1,2,3,4)

(i-3)

for first sloshing,

_o- (xsl-Xg)_+ Z h(xsl)fii+ [i+ ®SlgSlCZ- m
i=l

+7
i=l

, 2
_i(Xsl)_i + Wsz{l = o , (z-_)

and, for second sloshing,

4

i=l
h(Xs2)Zi* _2 * _s2gs2_2

4
2

- _¢ + 7- [¥L(Xs2)_ i + _S2_2 = 0

i=l

(z-5)
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The terms N(t) , M(t) and Q_i(t) (i=1,2,5,4) in the above

equations are the generalized aerodynamic forces which are functions of the

crossflow gust velocity, Vy .

The remaining equation of motion describes the control and actu-

ator system of the vehicle. The two control systems considered in this

report are special cases of a basic control system consisting of position

gyro, rate gyro and alpha meter (see [12). The position and rate gyros

are both located at the engine gimbal station and the alpha meter is lo-

cated at the top of the escape tower. The basic control system is given

by a differential equation describing the relationship between the control

deflection, _C _ the indicated attitude, _i _ and the indicated angle of

attack _ _i :

VI V IV

As_c + As_c + A4_c + Ajc + A2gc

+ Al_ C + Ao_ C = ao_ i + al_ i + bo_ i , (i-s)

where

}i = _ - _- Y_(x_)]i , (I-7)
i=l

_i= #o (x_-x_) _ ri(_v)-_+ _-_ _i+¢
U U U

i=l

i=l

(i-s)

and

v

_w = y .
U

(i-9)

89



The actuator coefficients, Aj , in (1-6) are time-independent and their

numerical values are assumed to be independent of the control system. The

gain values a o , aI and bo do, however, depend on time.

One of the control systems used in the numerical study is referred

to as "angle of attack control." The system is obtained from (1-6) by gain

stabilizing the bending mode influence* from the angle of attack sensor and

gain stabilizing the third and fourth bending mode slopes sensed by the

position and rate gyros:

6 (j)
_--Aj_C = ao_i+ al_i+ bo_i,
j=O

(i-i0)

where

2

i=l

_i : - _o + (Xv-Xg)_ + ¢ + _w
U U

and

OLw = Vy •

U

The second control system used in the numerical study is referred

to as "attitude control." This system is also derived from (1-6) by gain

stabilizing the angle of attack sensor (bo = 0) and gain stabilizing the

third and fourth bending mode slopes sensed by the position and rate gyros:

* The gain stabilization of the bending mode influence in (I-i0) and (I-ii)

was necessary to (i) insure a stable vehicle system and (2) approximate

the effect of filters present in an actual Saturn V control system.
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6 (j)
Z Aj_c= _o_i+ al_i
j=O

(I-Zl)

where

2

i=l

The numerical value of _o in (I-ii) was set equal to the value of

(ao+bo) from (1-6) in order to maintain a control frequency similar to

that arising from (I-6) or (I-i0).

The preceding equations of motion ((I-l)through (I-5) and (I-10))

describe the vehicle system defined as "angle of attack control" while

((I-l) through (1-5) and (I-ii)) describe the system defined as "attitude

control." The gust responses of each system of equations were evaluated

in the numerical investigation.
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APPENDIXII

AERODYNA/MIC FORCE EXPRESSIONS RESULTING FROM UNIT STEP

AND IMPULSE WIND PROFILE

The development of the indicial* and impulsive** transient,

quasi-steady and steady aerodynamic force expressions for a Saturn V con-

figuration without fins and engine shrouds was presented in Eli. Slender

body theory was used in the formulation of the force expressions corre-

sponding to rigid body and bending modes of vibration. Quadratic poly-

nomials were used to curve fit segments of the mode shapes in evaluating

the generalized forces associated with the bending modes.

The extension of the aerodynamic force expressions in EI_ to

include the effects of the fins and engine shrouds is presented in this

Appendix. The technique used in El3 to describe the aerodynamic forces on

a body of revolution does not apply directly to winged bodies. To obtain

usable results for bodies with such empennages, the concept of an equiva-

lent body of revolution is used.

This equivalent body concept, simply stated, is to replace the

fin and engine shroud region of the vehicle with an artificial equivalent

body of revolution. The latter is designed to have the same steady-state

slope of the normal force coefficient as the original fin and engine shroud

region. The hypothesis, then, is that the lift growth of the equivalent

body of revolution approximates the lift growth of the body with empennages,

to engineering accuracy.

To insure the most accurate representation possible within the

framework of this technique, experimental data are used for the slope of

the normal force coefficient of the fins and engine shrouds. The experi-

mental data used are taken from wind tunnel tests E53 and account for the

fin-shroud-body interference effect.

Once the equivalent body shape is defined, aerodynamics of bodies

of revolution may be used. The wind induced aerodynamic forcing functions

which are compared in this report and in EI_ have both a geometric and an

aerodynamic aspect.

* Response to a unit step wind profile.

** Response to a unit impulse wind profile.
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In the geometric consideration two cases are used. In the
simplest case (instantaneous immersion) all stations along the vehicle are
assumedto be immersedin the samewind induced crossflow, namely the wind
crossflow occurring at the nose. The more accurate geometric representa-
tion, called penetration, assigns to each station along the vehicle the
wind crossflow which exists at the altitude occupied by the station. With
penetration, the vehicle's nose enters a side gust first and in subsequent
time successive stations along the vehicle length move into the crossflow.

Twoaerodynamic aspects are considered: quasi-steady and tran-
sient. In the quasi-steady representation, the air forces at a vehicle
station are those which would exist if the local crossflow persisted un-
changedfor an extended time. The transient representation is based on
transient slender-body theory and includes the growth of lift with time.

Three types of wind induced forcing functions are assembled
using combinations of the geometric and aerodynamic representations. The
simplest type is called instantaneous immersion and uses the instantaneous
immersion geometric representation with quasi-steady aerodynamics. A more
accurate type, called pure penetration, uses penetration geometrics and
quasi-steady aerodynamics. The most accurate forcing functions are called
penetration with lift growth. These functions use the penetration geometrics
with transient aerodynamics.* A summaryis given in Table I of the geo-
metric and aerodynamic combinations used to construct the three types of
forcing functions.

The development of the equivalent body is now considered in
detail. The basic configuration** of the Saturn V with simulated fins and
engine shrouds is shownin Fig. 58. The nose spike on the front of the
vehicle corresponds to the escape tower which is attached to the vehicle
throughout the boost phase of flight. It is assumedthat the aerodynamic
contributions of the fins and engine shrouds can be approximated satis-
factorily by two adjacent conic sections (see the aft end of the vehicle
shownin Fig. 58).

The geometry of the above configuration is defined in Table VIII
with conic characteristics defined by 8n = tan an for n = 0,I,2,3,A,5

* The crossflows induced by the vehicle motions are in all cases treated
with quasi-steady aerodynamics. These crossflows are small in com-
parison to the wind induced crossflows and appear in the left hand
side of the equations of motion.

** The vehicle is considered to be traveling in the negative x direction
(see Fig. 58) with a constant velocity, U . At time zero, the nose
encounters a side wind of magnitude Vy(X,t) directed along the
positive z axis.
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TABLE VIII

DEFINITION OF SATURN V BODY GEOMETRY

Body Radius Area Derivative Region

R(x) S'(x) Applicable

BoX 2_2o x 0 < x _ xo

R o 0 x o _ x _ x I

Ro 2W_l[_l(X-Xl)+Ro] Xl < x _ x281(X-Xl) +

R 1 0 x2 < x < x5

RI 2_2[_2(x-x3)+Rl] x3 _ x < x 4_2(x-x3) +

R2 0 x 4 < x < x 5

R2 2n93[_3(X-Xs)+R2] x5 _ x < x 6_3(x-xs) +

R3 0 x 6 _ x _ x 7

R3 2_4[_4(x-x7)+R3] x7 < x < x8_4(x-xT) +

R4 2w85185(x-x9)+R4] x 9 _ x _ L85(x-x9) +

The last two rows in Table VIII correspond to the equivalent

conical regions for the fins and engine shrouds. The upstream position of

the first frustrum is located at the beginning of the engine shrouds, x 7 ,

while the other frustrum starts at the beginning of the fins, x9(=x8).*

It is convenient to consider the lead cone extending to the rear of the

vehicle, L , with part of the frustrum located within the second cone. The

cone angle, _4 , is then selected to provide a steady state normal force

equal to the force due to the shrouds alone. The second cone angle, &5 ,

is chosen so that the second cone and the exposed fraction of the first

cone providethe steady normal force due to the fin-shroud combination.

* The double numbering of the shroud and fin Juncture was done for con-

venience in the computer program used to generate the generalized aero-

dynamic forces.
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The method used to evaluate the two equivalent cone angles _4
and _5 (or slopes, 84 and 85 ), used to approximate the fin and engine
shroud effect, will now be discussed. The steady-state slope of the normal
force coefficient curve for the entire configuration can be obtained from
the equation

L
1_ _/_ R(x)R'(_)_x

CN°_ = D2o 0
(if-l)

where D o is the reference diameter (= 2R3). In the same fashion, the

steady-state slope of the normal force coefficient curve for the engine

shrouds alone is given by

L

CN_E = i62 7_ R(x)R'(x)dx
DO

(ii-2)

where, from Table VIII

R(_) = _4(x-xv) + R3

R'(x) = 84
[

(n-3)

Substituting (II-3) into (II-2), integrating and solving for

_4 yields

B4 - (L_xT) i + i + (II-4)

and, consequently, &4 = tan-i 8A •

Likewise, the steady-state slope of the normal force coefficient

curve for the fins and engine shrouds combination is given by
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8 L_-16 R(x)R'(x)dx ÷ 1A
° J

x V x 9

(Ii-5)

Again from Table Vll

x 8

R'(x) = _4 J
(ii-6)

R(x) = _5(x-x9) + R4_ x9 _ x L

R'(x): _5 J

(TI-7)

ing for

Substituting (II-6) and (II-7) into (II-5), integrating and solv-

85 yields upon simplification

85 = 84(xs-x7) + _ - 1 + 1 + cN_FE (II-8)

L-x 9 L-x 9 2

and, consequently, _5 = tan-i 65

Numerical values for _4 and _5 were computed for 70 and 80

sec. flight times using experimental values of CN_ E and CNGFE (see [5])

and are presented in Table IX.

TABLE IX

EQUIVALENT CONE ANGLES FOR SIMUIATED FINS AND ENGINE SHROUDS

Flight CN_ E CN_FE
Time Mach

(sec.) _o. (_d-1) _R_d-I) 44 _!5

70 I.5448 i. 14 2.67 9°5 ' 25 °49 '

80 i. 7783 O. 80 i. 97 6°36 ' 20°53 '
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The center of pressure locations for the two equivalent conic
sections were also computedfor the two flight times. The resulting center
of pressure locations were about i0 in. ahead of the theoretical predicted
values given in [5_. This difference amounts to only a 0.9 per cent reduc-
tion in the fin-shroud momentarm measuredwith respect to the center of
gravity of the vehicle. Thus, the conic section approximations are believed
to be quite adequate for the response study.

The pertinent points regarding the aerodynamics used is now given.
A complete description is given in [i] of the three types of forcing func-
tions (instantaneous immersion, pure penetration, and penetration with lift
growth) resulting from both a unit step and unit impulse wind profile. The
results in that reference are for a Saturn V configuration without fins and
engine shrouds. The incorporation of the aerodynamic contribution of the
fins and engine shrouds into the three types of forcing functions requires
a limited amount of repetition of the forcing function expressions given in
_i]. For brevity, only those forcing functions resulting from a unit step
wind profile will be presented.

The indicial aerodynamic forces corresponding to translational,
rotational and bending coordinates for the case of penetration with lift
growth are given by

Ns(_) = _- 0
dx , (II-9)

(u_L]

Ms(T)= - 2q/_D-
o (X-Xg)S'(X)fo[ _(x)

dx , (If-10)

and

2q Ym(X)S,(x)f °

Q_m(T)s=T 0 [_m(x)]
dx ; (II-ll)
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while for the case of pure penetration,

(D
= 2q f S'(x)I (w - Uld-x_s(_) T o

(II-12)

(_

Ms(T)--_/ (X-Xg)S'(x)i(T-u)dX (II-15)

and

(_

Q_m(_)s= U- o
(II-i¢)

and for the case of instantaneous i_ersion,

L

Ns(T ) 2q I(_) f S'(x)_=U-
0

(II-15)

L

_ 2q I(_-) f (X-Xg)S'(x)dxMs(_)= U-
0

(II-16)

and

L

%m(_)s = 2__qt_I(_) / Y_(x)S'(x)dx
(II -17 )
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The notation used in (II-9) - (II-17) requires someremarks. The

(Dexpression means that the x integration is performed over (0 , U_)

or (0,L) as the body has partially or totally penetrated the side wind
f

Vy _ - U_ Here Xg is the distance from the nose to the center
profile

of gravity; and the sign of the moment equation is chosen so that positive

M(T) gives rise to a clockwise rotation of the vehicle as viewed in Fig. 57.

The function, fo(_) , together with its approximate mathematical form,

which was used in the numerical investigation of this report is presented

in [i]. The subscript s in the force expressions implies that these

entities are due to a unit step wind profile.

The impulsive aerodynamic forces for the three types of forcing

functions can be obtained from the first time derivative of the indicial

forces given in (11-9) through (11-17).

The general expressions used in this report for the indicial and

impulsive forcing functions for the three aerodynamic representations are

given in Appendix II of [i]. These general expressions are written as

functions of a set of coefficients dependent upon the vehicle geometry and

free stream velocity (see Table VI of [i]). For instance, the indicial

normal force (11-9) is written in general form as

Ns(T) : _- F(an'bn'cn, .... ,Zn) (II-18)

n

where an,bn,cn, .... ,£n are various coefficients and n is the number of

conical regions. The remaining generalized forcing functions are similar

to the functional form of (11-18).

The incorporation of the fins and engine shrouds into the aero-

dynamic forcing functions necessitated expanding the number of frustrum

regions from n = A to n = 6 This in turn increased the number of

coefficients required for computation of the forcing functions. The addi-

tion of the empennages to the analysis, however, did not require extra

coefficient forms. For completeness, the list of coefficients used in this

report to evaluate the aerodynamic forcing functions is given in Table X.

The elements in the fifth and sixth region rows correspond to the fin and

engine shroud influence. The first four region rows are identical to those

presented in [I].
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APPENDIX III

FORMUIATION OF EENDING MOMENT EXPRESSIONS

RESULTING FROM A UNIT IMPULTE

AND ARBITRARY WIND PROFILE

The development of the expressions for the vehicle bending moment

resulting from a unit impulse wind profile is presented in this Appendix.

The expressions for the subsequent bending moment response to an arbitrary

wind profile are also given. Two basic approaches for the calculation of

the vehicle bending moments are described: (i) the summation of moments

technique (see [4]) and (2) the mode displacement method (see [8]). Also,

a reduced form of the summation of moments technique is presented. This

latter form, referred to as the "reduced bending moment expression," is

the basis upon which the bending moment response comparisons are made in

this report. The effects of two aerodynamic representations, instantaneous

immersion and pure penetration, are considered in the computation of the

bending moment responses. The aerodynamic representations of the gust

crossflow are both explicit and implicit in the suum_tion of moments tech-

nique, while they are implicit in the mode displacement method.

The description of the summation of moments technique and subse-

quent development of the reduced bending moment expression will be given

first.

The bending moment equation is derived by considering the forces

and moments acting on a free-body segment of the vehicle, under the influence

of unit impulse gust velocity. The bending moment expression is formulated

for an arbitrary vehicle station, xk , by considering the contributions of

forces from xk to the aft end of the vehicle. The effects of swivel engine

inertia, sloshing and the time and spatial derivative of local angle of at-

tack are neglected in the development. In this investigation the sign con-

vention used is: positive translation upward, positive rotation clockwise

and positive bending moment clockwise, as viewed in Fig. 57. The bending

moment at the vehicle station, xk , will be assumed to arise from three

basic sources: areodynamic loading, thrust forces and inertia forces.

Thus, the total bending moment is written as

M_T(Xk,T ) = MBAERo(Xk,_) + MBTHRUST(Xk,_) + MBINERTIA(Xk,_ ) (III-l)
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The impulsive aerodynamic momentis given by

MBAERo(Xk,T)= _ qSo

L

c_j(x,_)(x-xk)dx (nl-2)

where

_(X,T) =

4

9o + (X-Xcg)_ _}- h(x) _i
U U U

i=l

>- Y_(x)_i+ u
i=l

(nl-3)

and, according to slender body theory,

CNot'_- _-_16R(x)R'(x)

Do

(III-4)

yields
Rewriting MBAERo(Xk,T) to account for gust penetration effects*

.(2) ,
MBAER0(Xk,T) = M(1)BAER0['xk,T)+ MBAERo_Xk,T) (III-5)

The first term of (III-5) is

(1) L

MBA_RO(xk'_): - _S°xf C_(x'Tl(x-xkl_x
(nl-6)

* The bending moment equation arising from the summation of moments tech-

nique will be formulated first considering gust penetration effects.

The equation will then be recast into the form resulting from instan-

taneous immersion considerations.
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with

A Yi (x)
_(x,_)= _ - _o + (X-_g)_ _ }- _i

U U i--i U

}- Y_(x)_i
i=l

(III-7)

The second term of (III-5) is

M_R0(Xk, T) = 0, for xk _ UT

and

_(2) , T) /_
BAERoLXk, = _ qS o C_ (x-x k)

for Xk g UT .

U
_x , (111-8)

The combined moment due to the thrust forces acting both perpen-

dicular and parallel to the vehicle centerline at x = xk is given by

M_HRUST(Xk, T) = &F (xE_xk)8 C + F(xE_Xk) _- _iY_(xE)

5 i=l

- F Z _i [Yi(xE) - Yi(Xk_ (111-9)
i=l

This moment expression is valid for a swivel engine controlled vehicle where

the swiveled engines account for four-fifths of the total thrust force. In

the development of the moment due to thrust, the terms containing cross

products of the generalized coordinates are neglected on the basis of being

small compared to those retained in (III-9).
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The other momentto be considered is that arising from the inertial
forces. Thesemomentsare due to accelerations perpendicular to the vehicle's
trajectory:

4
: _o- (X-Xg)_÷ _- _iYi(x)

i=l

(III-lO)

The moment due to the inertial forces is given by

L 4

MBINERTIAL(Xk, T) = jm'(x)(x-xk)_# o - (X-Xg)_ + i=l_- _iYi(x)Idx

(nl-n)

The terms, YO and _ are removed from (III-ll) by using

simplified forms of the translational and rotational equations of motion

(see (I-i) and (I-2)). Rewriting (I-i) and (I-2) for the impulsive gust

penetration case and retaining the dominant terms, the translational accel-

eration is given by

4

F_ F X
Yo = _ - mi=l

_iy_(_) + !_ 8C
5m

 .So
1,- /c o+ T CN_(_(x'')dx + --m U dx (III-12)

and the rotational acceleration is given by

4 4

= F (_E-Xg) 7" _iYi(XE) F 7" 9iYi(XE)

Icg i=l Icg i=l

4F

51cg (XE-Xg) 8C

qS ° L

leg / C_ (X-Xg)_(x,,)dx

Ic--_/ cN_'(X'Xg)u
(ill-13)
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where _(x,7) is given by (III-7) and the slope of the local normal force
f

coefficient, CNff , is given by (III-4).
....i

''-T:' Substituting (IiI'-i2); and: (fII'-lS)' into (III-il); and" (III-5),

(III-9) and (III-11) into (III-1)_ the total impulsive bending moment

response due to gust penetration is given by:

' r "

M_(xk,,)= _UsT(Xk,,)+ _(x'a)¢(,)+ M_(xkb(,)
] •

f I • : f

i=l

, i q .% : ,,

.... !

+ _-- Xk)_i(7") i÷, X 'M_.(Xk)_i(7)
i=l il !." ..... " 'i.} i _l: .... " _ "]' :: i

<

(III-14)

~

where :: _..

2q
U

ii.

\J.Jj

.....

/ " [ Y

< i i

+2_%
U _J u.m k j.,

+ - dx I(Xk

0

(III-15)

(L<I <! )

M_(Xk) = F [Im(Xk)] ,

L

M_(x k) = - 2q k_PS'(x)(x-Xk)dX + 2QFo_m(Xk) ]

+ 2QFl[ll(Xk)] ,

(III-16)

(III-17)
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MSc(X) :_-- m(Xk) + (XE-Xg) i(Xk - (XE-Xk) ,
(In-_8)

L

M_(x k) : _ _-- J S'CxlCx-xgl(X-xkldx + ImCx k
Xk

+ 2QF2u [II (xk)] (III-19)

L

/ , [ ]+ 2q S'(xl(X-xklYi(xldx - QE_ Im(Xk)

(III-20)

L

_cx__ ' _o_E_____= --U Z S (x)(x-Xk)Yi(x)dx _ 2Q m-Xk

Xk

(III-21)

_i (xk)= li(xk) (III-22)

and

_(_): _ - (nz-23)

also
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L
_ i

Im(Xk) - _ J m'(x)(x-Xk)dX
xk

L

ii(xk) = 1 _/_ m,(x)(x_xk)(X_Xg)d x ,
Icg x k

L

li(Xk) : _m'(x)(x-Xk)Yi(x)dx

xk

L

Fk = 1_!_2S3/ S,(x)(X_xg)kdx ,

L

1 / S,(x)y i(x)dxDi - 2S 3

L

D--i _ 2Sz1 S S'(x)(X-Xg)Y i(x)_

L

_,i_--s-yloS S'(x)Y_(x)dx,

and

L

/: - L s'(x)(X-Xg)h(x)_
SS

The effects of gust penetration in (lll-iA) enter explicitly

through the bending moment term associated with the angle of attack due to

wind (111-15). This gust penetration term is dependent upon response time

as well as station location. The limits of integration in (111-15) reflect

the effects of gust penetration. The first integral does not contribute to

the value of MGUST(Xk, T ) until UT _ xk ; while the latter two integrals

become effective, the instant vehicle gust penetration begins.
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The effects of gust penetration appear in (III-IA) implicitly as
well as through the MGUST(Xk,_) term. The other terms contain the weighted
contributions of the generalized coordinates which are the impulsive gust
responses determined from pure penetration aerodynamic considerations.

A commenton the numerical evaluation of MGUST(Xk,_) is warranted
before concluding the discussion of the penetration effects upon the total
bending momentexpression. The computation of MGUST(Xk,T) is facilitated
by recasting (111-15) in terms of the impulsive aerodynamic normal force,
Ni(_) , and moment,Mi(T ) , resulting from pure penetration considerations
(see [i]). Thus, (III-15) becomesfor UT _ xk

MGUST(Xk,') = Ni(')[Im(Xk_- Mi(')[II(Xk)] (rrI-2, )

and for UT > xk

MGUST(Xk, T) = [(Xk-Xg ) + Im(Xk) ] Ni(T)

+ E1 - Ii(xk) I Mi(T ) (III-25)

where Mi(T ) is taken about the center of gravity of the vehicle.

The total impulsive bending moment response resulting from instan-

taneous immersion aerodynamic considerations will now be presented. This

bending moment expression is given by (III-IA) with two minor differences.

These differences correspond to the explicit and implicit effects of instan-

taneous immersion representation. The explicit difference is in the form

that the MGUST(Xk,T) term takes. For instantaneous immersion, the inte-

grals in (III-15) are independent of time and equal to their steady-state

values. Thus,

MGUST(Xk,T) = {-2q 3 S'(x)(x-Xk)dX
Xk

L

+ 2q / S'(x)dx [Im(Xk I

}+ 2q / S'(x)(X_Xg)dx [ii(xk) ] 6_U

llO

(111-26)
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Comparing (III-26) with (III-17), it can be shown that for instantaneous

imme rs ion

U
(III-27)

The second difference, which is implicit, is that the weighted

generalized coordinate responses are determined from instantaneous immersion

aerodynamic considerations. The weighting functions are given by (111-16]

through (111-22) and are independent of the aerodynamic representation used.

Therefore, the total impulsive bending moment response due to instantaneous

immersion is described by (III-14), (111-27), (III-16) through (III-22) and

the set of instantaneous immersion impulsive responses of the generalized

coordinates.

A reduced form of the total bending moment expression, (111-14),

will now be discussed. A numerical evaluation of (III-14) for both aero-

dynamic representations revealed that several component terms can be neg-

lected on the basis of being small by comparison. These terms involve _ ,

_i ' _i and the _ component given by (III-16).* Neglecting the effects

of these terms results in an equation for the impulsive bending moment

which is a function of the gust, _ , 8C and _i terms. This equation is

referred to as the "reduced bending moment expression." Referring to

(III-14), the impulsive reduced bending moment equation is given by

4

+ _ _i(Xk)_'i(_) (III-28)
i=l

* There is an additional _ component in the total bending moment expression

which is contained in the rigid body angle of attack term (see (111-17)

and (III-23)). This component is not small and must be retained in the

reduction.
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where

L

N_(xk) = - 2q JS'(x)(x-Xk)dX + 2QFo[Im(Xk)]

+ 2QFI [ll(Xk) ] ,

=Z-- m(xk) + (XE-Xg)[ll(Xk)_ -(XE-Xkl

_i(xk) = Ii(xk)

(ni-29)

(iii-3o)

(111-31)

and

_(T] = _ - _ (III-52)
U

The MGUST(Xk,T ) term in the reduced bending moment expression

is the same as that given for the total bending moment: (111-24) and

(III-25) for pure penetration considerations and (III-27) for instantaneous

immersion.

Again, when computing the response of (111-28) for the two aero-

dynamic representations, the proper set of impulsive responses of the gen-

eralized coordinates must be used.

The third approach used to compute the impulsive bending moment

responses will now be discussed. This approach utilizes the mode displace-

ment method (see [4] and [5]). In this instance, the bending moment at any

vehicle station location, xk , is computed from elementary beam theory

considerations :

MBM(Xk,T) = _

n

_- EIYi(Xk)_i

i=l

(III-55)
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Rewriting this expression in terms of the integral in (III-22) yields_

n

i=l

(iii-34)

For this method, the effects of aerodynamic representation enter

implicity through the impulsive response of the generalized coordinates

associated with bending, Hi

The mode displacement bending moment expression, (lll-3A), is

written as a sum of n-bending mode effects. The accuracy of this technique

is limited because of the large number of bending modes necessary for con-

vergence. In this report n = 4 was used in the numerical evaluation of

(III-34).

The wind induced bending moment responses arising from the three

moment expressions (total, reduced and mode displacement) were computed for

both aerodynamic representations. These wind induced responses were formed

using the Duhamel superposition integral [i]:

t

MB(Xk't) = F MBi(Xk't-m)VY(m)dm
(III-35)

MBi(Xk,t-m ) is the impulsive bending moment response given by (111-14),

(III-28) or (111-54) and MB(Xk, t ) is the bending moment response to the

wind profile, Vy(t) The "Imbedded Gust Criteria" (see Appendix IV) was

the wind profile used in the bending moment computations presented in this

report.

Several concluding comments about the wind-induced bending moment

responses are necessary. The bending moment response comparisons given in

this report are based on the reduced bending moment expression. Of the

three equations, the reduced expression affords the greatest numerical re-

liability. Numerical difficulties were encountered in evaluating some of

the weighting coefficients of the small terms in the total bending moment

expression. (These terms were not present in the reduced expression.) In

addition, convergence uncertainties existed in the mode displacement method

since only four flexible modes were considered.
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APPENDIXIV

SINUSOIDAL AND IMBEDDED GUST CRITERIA

A description is given in this Appendix of the two types of wind

profiles used in the computation of the wind-induced responses (both gen-

eralized coordinates and bending moments). The first type of profile, the

Sinusoidal Gust Criteria, was used in the investigation to determine the

effects and importance of penetration and growth of lift on the vehicle

responses. The second, the Imbedded Gust Criteria, was used in the investi-

gation of methods of control on vehicle response when gust penetration ef-

fects are considered.

The method used to construct the Sinusoidal and Imbedded Gust

Criteria profiles is discussed in [63 . Both types of profiles can be broken

down into three main regions as shown in Fig. 59a. Regions I and II contain

the wind build-up while Region III contains a specific type of gust.

The wind speed build-up to the quasi-steady state wind velocity

is constructed similarly for both profiles. The wind speed in Region II is

determined downward from H using 99 percent probability-of-occurrence wind

shears. The quasi-steady-state wind velocity (in Region III} is the 95

percent probability-of-occurrence maximum wind velocity (75 meters/sec).

Discrete values of the wind velocity in Region II are given as a function of

altitude in [6] over a 5 km. altitude layer extending downward from H. The

discrete wind data were curve fitted with successive quadratic polynomials

to provide intermediate velocity data points for the wind integration.

It was necessary to extend the wind profiles below the 5-km. layer

to insure a reliable analytic description of the steady-state wind responses

at the onset of the gust region. This was done by assuming that the winds

may be described in Region I by a linear function of altitude from zero alti-

tude to the tangent point, h t , on the wind build-up curve.

Two different types of gust are superimposed on the quasi-steady

maximum wind velocity in Region III. One is sinusoidal (see Fig. 59b).

The wavelengths, k , and associated amplitudes, A , of these sinusoids are

given in [63 in tabular form. For the response studies, the wavelengths

considered are those corresponding to the natural coupled frequencies of

the vehicle system in the maximum dynamic pressure region (70 and 80 sec.

flight times).
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The second type of gust which is superimposed on the quasi-steady
maximumwind is an imbeddedgust of 9 meters/sec (see Fig. 59c). This
"quasi-square wave gust" has a rise distance of 25 meters and a duration of
500 meters. The gust decreases at the samerate as the rise and then re-
mains constant at 75 meters/sec. Whenthe 9 meter/sec imbeddedgust and the
99 percent shears are combined, both the gust and shears must be reduced by
15 percent to maintain a more likely probability level. In this instance,
the imbeddedgust produces a 82.65 meter/sec gust velocity. The quasi-
steady-state maximumwind velocity remains at 75 meters/sec. (No reduction
of gust and shears is required for the Sinusoidal Gust Criteria.)

Since the wind-induced responses are sought as a function of
flight time (see Appendix III), the synthetic profiles were linearly trans-
formed from altitude (as given in E6]) to flight time by use of a constant
vehicle velocity. The vehicle velocity used was obtained from the set of
frozen vehicle coefficients evaluated at the midpoint of a flight time
band.* The 70 and 80 sec. flight time vehicle velocities were used in the
profile transformation.

* This midpoint corresponds to the altitude, H , given in Fig. 59.
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